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ABSTRACT  
Inorganic nanoparticles are a fascinating class of materials which promise great 
potential in numerous fields, including optical (bio)sensing. Many different kinds of 
such nanoparticles have been widely used for fluorescent sensing and imaging due to 
the different merits of fluorescent nanoparticles compared to molecular fluorophores. 
Progress made in the rational design of nanomaterials also allowed the synthesis of 
hybrid phosphorescent nanoparticles, that finds growing applications in sensing due to 
the combination of the interesting size- and shape-dependent properties of 
nanomaterials with a phosphorescence-type emission. 
In this review, we intend to highlight some of progress made in this active research area 
and update the database of various phosphorescent nanoparticles-based sensors on the 
basis of different sensing targets of interest in environmental, industrial and biomedical 
areas. 
Following an introduction and a discussion of merits of the synergy between 
nanomaterials and phosphorescence detection as compared to molecular luminophores 
the article assesses the kinds and specific features of nanomaterials often used in 
phosphorescence sensing. Specific examples on the use of phosphorescence 
nanoparticles in chemical sensing and bioimaging are given next. A final section intends 
to provide an overview of the prospects of such type of nanomaterials in the design of 
future devices for analytical chemistry. 
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1. Introduction 
Luminescence spectroscopy is an essential tool nowadays in the bioanalytical area, as 
the analytical signal allows highly sensitive and selective measurements along with the 
possibility to perform remote monitoring for direct and in-situ chemical sensing [1]. 
Particularly, key advantage of luminescent sensors with respect to other systems rely on 
their excellent sensitivity (just a single photon can be enough for quantifying emission), 
combined with the appropriate selectivity that electronic photo-excitation imparts to 
these devices (the wavelength-dependence of the emission and of the excitation is a 
source of selectivity). In addition, the high spatial resolution of photoluminescence 
microscopy has enabled the development of powerful imaging applications for medical 
and biological purposes. 
Due to the simplicity of photoluminescence methods and their inherent advantages in 
terms of sensitivity, selectivity, insensitivity to electrical interferences and considering 
that the luminescence signal is localized, many different non-destructive fluorescent 
methodologies that can provide real time, in situ, and dynamic information have been 
developed so far. For such purpose, a huge number of luminescent molecules have been 
used over the years. However, one the main drawbacks of such methodologies derive 
from the short fluorescent lifetimes and the low absorption coefficients and weak 
signals of the typical dyes used as labels, resulting in a low sensitivity. Additionally, 
many of the photoluminescence species suffer of photobleaching problems, limiting 
their use for long-term tracking [2].  
Last decades a strong research effort has been done on the development of new 
nanomaterials for luminescent sensing, trying to overcome some of the major problems 
observed with the use of molecular luminescent dyes. The recent advances in 
nanotechnology resulted in the synthesis of novel hybrid nanoparticles with 
advantageous optical features. Some nanoparticles, such as Quantum Dot nanoparticles, 
are intrinsically fluorescent and, in contrast to molecular probes, provide excellent 
optical properties including improved brightness (high quantum yields and long 
emission lifetimes) and high resistance to photobleaching. Moreover, metal and 
semiconductor nanoparticles exhibit interesting size- and shape-dependent properties 
[3]. Therefore, nanoparticle-based detection platforms can provide capability for 
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multiplexing [4]. Additionally, the small size of the nanoparticles allows signal 
amplification by improving signal to noise ratio, therefore improving the analytical 
sensitivity, and improving the response time. Not surprisingly, as soon as fluorescent 
nanoparticles became available, they have been widely exploited as substitutes of 
traditional organic dyes in the development novel fluorescent sensing systems and 
imaging methodologies [5,6]. 
Today a huge number of nanoparticle-based fluorescent chemosensors and biosensors 
are available, with sensing schemes based on quenching or enhancement of the 
fluorescence emission, energy or electron transfer processes, etc. The advantages of the 
use of nanoparticles in the field of optical sensing and imaging were also recently 
extended to the development of methodologies based on a phosphorescence detection. 
Several strategies, including synthesis of hybrid nanomaterials, entrapment of 
phosphorescent dyes in nanoparticles or controlled doping quantum dots with rare earth 
impurities result in nanoparticles with a phosphorescence-type emission. 
Phosphorescence or persistent luminescence has been attracting high attention for 
molecular imaging and sensing because such emission can last for a certain amount of 
time after removal of illumination source, permitting in vivo imaging without real-time 
external excitation. Compared to the fluorescence methods, room temperature 
phosphorescence offers several important advantages for optical sensing including an 
improved selectivity and sensitivity, longer emission lifetimes and wider gap between 
excitation and emission spectra [7]. The longer lifetime of the triplet-excited state 
facilitates the design of relatively inexpensive sensing systems based on measurement 
of decay-time measurements. Additionally the measurement of the emission delayed 
from the excitation makes it possible to remove spectral interferences coming from 
system and light scattering. Therefore, the combination of the use of nanoparticles as 
improved luminescent tags, due to their exceptional optical features, with the benefits of 
the phosphorescence detection justifies the growing interest in the synthesis and 
application of novel phosphorescent nanoparticles for the development of luminescence 
optical sensors and imaging systems. 
Considering the aforementioned properties of phosphorescent nanomaterials, this 
review aims to provide a broad snapshot of the different types and specific features of 
nanomaterials exhibiting phosphorescence-type emission, aiming to perform a critical 
evaluation of the characteristics and performance of these nanomaterials. We are aware 
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that numerous excellent reviews focus on the use of phosphorescent nanoprobes have 
been produced during the last decade. However, most of them are devoted either to 
developments and fundamentals of specific kinds of photoluminescent nanoparticles 
(e.g. upconversion [8] or metal-doped QDs [9]) or to specific applications (e.g. 
bioimaging and biomedicine [10,11]). In this review we intend to give an overall view 
of the topic, from the design and synthesis of the different types of nanoprobes, with 
fundamentals of their corresponding phosphorescent properties, to their specific fields 
of applications that cover not only imaging and biomedicine but also determination of 
analytes, which in turn range from small inorganic ions to target proteins (i.e. 
biomarkers). Representative examples of key applications of such phosphorescent 
nanoparticles are next presented.  
 
2. The transduction element: phosphorescent-type nanoparticles 
A purpose of this review is to give the reader an overview of the wealth of 
phosphorescent nanoparticles that exist for use in phosphorescence sensing and 
imaging. The different types and specific features of nanomaterials showing 
phosphorescence are schematically presented in Figure 1 and explained in detail along 
this section. These include metal-doped colloidal inorganic nanoparticles, nanoparticle-
loaded phosphorescent dyes, metal-enhanced phosphorescent nanoparticles, and 
upconversion nanoparticles.  
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Figure 1. Different types of phosphorescent nanoprobes. A) Metal Doped Colloidal 
Inorganic Nanoparticles - dopant is part of the core-shell structure. B) Nanoparticle-
Loaded Phosphorescent Dyes – Trapped dye in the ligand structure. C) Metal-Enhanced 
Phosphorescent Nanoparticles - phosphorescence emission increases by depositing the 
nanoparticle on a metal surface. D) Upconversion Nanoparticles – final luminescence 
observed is of a higher energy than excitation source. 
 
2.1. Metal-doped colloidal inorganic nanoparticles.  
 
Doping inorganic nanoparticles with different metals yield hybrid nanomaterials with 
novel properties and functions. Using this strategy, it is possible to modulate the optical 
properties of the nanomaterials. In this context, the incorporation of appropriate atoms 
or ions into host lattices is performed to give rise to a new class of nanomaterials to be 
exploited in bioanalytical applications including (bio)sensing and imaging due to the 
longer emission lifetimes obtained [12,13]. 
In this sense, ZnS, ZnSe, ZnO, CdS and CdSe quantum dots (QDs) have been evaluated 
as host lattices to obtain novel luminescent properties using a variety of transition-metal 
and lanthanide ions, including Mn2+, Cu2+, Co2+, Ni2+, Ag+, Pb2+, Cr3+, Eu3+, Tb3+, Sm3+ 
and Er3+ as dopant agents [9]. Among them, ZnS and ZnO are the most studied host 
lattices because they offer promising applications in bioanalysis and bioimaging. Since 
they do not contain toxic metals, they present potentially lower toxicity, and they also 
have wider energy bandgaps that allow the incorporation of more dopant agents, 
opening the possibility of developing dual doped or co-doped QDs [14,,15]. The 
presence of the transition metal or lanthanide dopant usually increases the lifetime of 
the emission, giving rise to a phosphorescence-like emission that overcomes the 
limitations of fluorescent nanoparticles or dyes due to the elimination of the biological 
background fluorescence for biosensing and bioimaging.  
In order to incorporate the doping agent into the nanocrystal host, most of the reports 
found in the literature are based on wet chemistry procedures that take place in both 
aqueous or organic media, and the most common approaches described include 
chemical precipitation, microemulsion and organic high temperature chemical synthesis 
methods. In this way, a homogeneous distribution of the dopant in the host matrix can 
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be achieved, while a good control over the size, shape and production yield can be also 
obtained [13].  
In aqueous-based routes, the metal-doped nanoparticle synthesis is typically performed 
via co-precipitation of the cationic precursors and doping agent with the anionic reagent 
(typically Na2S) in presence of the desired surface ligands, that will provide appropriate 
functional groups for further (bio)conjugation, such as thiol [16], phosphates [17], 
polymers [18], proteins [19], etc. Experimental synthetic conditions such as temperature 
and pH have a strong influence on the optical and physical properties of the obtained 
doped nanocrystals. Reverse micellar synthesis has been also used to obtain Mn-doped 
CdS QDs, although overcoating with a ZnS shell must be performed in order to improve 
the luminescence efficiency due to the presence of surface dangling bounds [20]. One of 
the limitations of the aqueous-based routes is the maximum temperature that can be 
achieved, that gives rise to the generation of surface defects, and therefore, to 
nanoparticles with poor optical properties. Thus, in order to overcome this limitation, 
hydrothermal and microwave-based approaches, where the precursors are loaded in 
closed vessels, allow to increase the temperature of the media above the boiling point of 
water, giving rise to doped nanocrystals with excellent luminescence performance [21]. 
On the other hand, it is well-known that high quality doped QDs are typically obtained 
working at high temperatures in organic solvents that allow an effective annealing of the 
surface [22]. In this regard, there are three main approaches based on the timing of the 
dopant addition (see Figure 2) [23]. When the dopant is added along with the host 
precursors, the nanoparticles obtained present poor homogeneity and a mixture of doped 
and non-doped nanocrystals are obtained [24]. A second approach is based on the 
addition of the doping agent during the nucleation of the host [25]. Then, after 
nucleation, the reaction conditions are tuned to minimize the activity of the dopant, 
being the growth of the host the only process that takes place and giving rise to a 
nanoparticle with the dopant in the centre of the QDs. Finally, in a third approach the 
doping agent is added during the nanoparticle growth [26]. In this type of synthesis, 
once the nuclei of the NP is formed, the reaction temperature is lowered, and the doping 
agent is added. Afterwards, a new layer of host is used to coat the surface-doped nuclei.  
Recently, a new generation of nanoparticles, whose long-lasting luminescence emission 
can last several hours, are being explored. They are known as persistent-luminescence 
nanoparticles (PLNPs), and the signal-to-noise ratio can be significantly improved due 
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to the removal of the background noise (especially high in biological media) originated 
from in situ excitation of the NPs in biological media [27]. Because the emission after 
excitation arises from a trapping and detrapping, the lifetimes of persistent 
luminescence materials are 10 orders of magnitude longer than the spin-forbidden 
transitions in phosphorescent molecules and metal–chelate compounds [28]. Alkaline 
earth silicates are the most well-known PLNPs, and depending on the dopant, they will 
emit at different wavelengths, e.g.: Ca2MgSi2O7:Eu
2+ and Sr2MgSi2O7:Eu
2+, emit in the 
blue (470 nm) and green (535 nm) regions respectively [29], or Eu2+- and Dy3+-doped 
Ca1.86Mg0.14ZnSi2O7 nanoparticles emit at 520 nm for 6 hours after excitation [27].  
 
 
 
Figure 2. PL spectra obtained during different doping processes depending on the time 
of the introduction of the dopant. (a) along with host precursors, (b) before nucleation of 
the host, and (c) during formation of the shell of a core-shell structured nanocrystal. 
Every PL spectra were recorded with an excitation wavelength of 350 nm. Reprinted 
with permission from N. Pradhan, D. D. Sarma, ‘Advances in Light-Emitting Doped 
Semiconductor Nanocrystals’, J. Phys. Chem. Lett. 2011, 2, p. 2818–2826. Copyright 
2011 American Chemical Society. 
 
 Latest developments achieved in the synthesis of doped nanocrystals have significantly 
widened the range of novel photophysical properties that display the doped quantum 
dots, that can be exploited in bioanalytical applications (e.g. as luminescent labels or in 
chemical sensing). Among the different doped-nanoparticles, those based on Mn as 
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dopant have experienced a higher degree of development as luminescent labels for 
bioimaging and chemical sensing applications, since interesting photophysical 
properties can be obtained when the host lattice of the nanoparticle is modified with 
Mn. In this context, several reports showed that the amount of the metallic element used 
as dopant is critical, since it has a direct impact in both, structural and optical properties 
of the NPs. In this sense, Chen et al.  [30] showed that an increase of the levels of Mn 
acting as dopant gives rise to more defects in the nanostructure which leads to lower 
luminescent Quantum Yield (QY). Luminescence lifetimes , a parameter closely related 
to the electron-hole recombination processes and that therefore helps to understand the 
luminescence mechanism, were also affected by the level of Mn. In fact, Mn-doped 
core-shell AIZS/ZnS nanoparticles (AIZS = Ag-In-Zn-S) present lifetimes much longer 
than the same NPs with no doping agent, suggesting that different luminescence 
emission mechanisms may take place depending on the presence or absence of the 
dopant. 
 Several studies have been focused on how the doping agent modifies the optical 
properties of the NPs. In this sense, R. Beaulac et al.  [31] proposed three different 
photophysical scenarios for different types of colloidal Mn2+-doped II–VI 
semiconductor quantum dots with different energy band gaps in order to explain the 
emission of phosphorescence, summarized on figure 3. Energy levels corresponding to 
the excited states of both the Mn2+ ion and the host semiconductor are displayed in 
Figure 2. In scenario I, an efficient energy transfer from the excitonic states to the 
excited levels of the dopant produces a quenching of the luminescent emission of the 
semiconductor to enhance the emission of the Mn2+ 4T1-6A1 transition. Excitons are 
quenched by Mn2+ photoionization states (dopant-bound excitons) that relax 
nonradiatively to the ground state, so no luminescence is observed in the case of 
scenario II. The Mn2+ excited states are outside the semiconductor band gap in scenario 
III. Since no quenching takes place, nanocrystals show their typical excitonic emission 
independently of the presence and amount of Mn2+ 
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Figure 3:  Different photophysical scenarios of colloidal Mn2+-doped II–VI 
semiconductor nanocrystals. Radiative and nonradiative processes are indicated by 
straight and curved arrows, respectively. Reprinted from Journal of Solid State 
Chemistry 181 (7), R. Beaulac, P.I. Archer, D.R. Gamelin, ‘Luminescence in colloidal 
Mn2+-doped semiconductor nanocrystals’, p. 1582-1589. Copyright 2008, with 
permission from Elsevier. 
 
Different photophysical effects are also likely to occur for doped core/shell 
nanocrystals, anisotropic nanostructures, and heteroarchitectures or superlattices 
integrating doped nanocrystals with other functional inorganic or organic materials. It is 
clear that additional research is still needed in order to better understand the role of 
dopants and their effects on the resulting nanoparticle luminescence. The higher control 
over the doping process will surely allow finer tuning of the resulting luminescent 
properties to overcome some of the present limitations of functionalized phosphorescent 
nanoparticles. In fact, it is not stretch to think in fit-for-purpose doped inorganic 
nanoparticles that could be designed for specific applications in chemical sensing and 
imaging. 
2.2. Nanoparticle-loaded phosphorescent dyes 
Another strategy described for preparation of NPs with phosphorescence-type emission 
is the loading of NPs with phosphorescent dyes. Such type of phosphorescent dye-
encapsulated nanoparticles has shown to be very effective in the bioanalytical field. An 
important enhancement in the phosphorescence analytical signal is expected by this 
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approach due to the possibility to entrap or covalently bond thousands of indicator dyes 
on the NP surface. 
Besides the inherent advantages of the phosphorescence emission, nanomaterials doped 
with phosphorescent molecules have also gained much attention due to their outstanding 
features as nanocarriers for drug delivery and bioimaging applications. One of the 
advantages of these systems is that both, core and shell, can be tailored to meet the 
requirements in order to encapsulate and release a specific molecule (e.g. a 
phosphorescent dye or a drug) that are typically hydrophobic, while the shell can be 
designed to ensure that the system is soluble in aqueous media [32]. Moreover, the 
surface of the nanoparticles can be easily modified with inert and biocompatible 
coatings, such as poly(ethylene glycol) (PEG), which endow them with the ability to 
evade capture and degradation by the reticuloendothelial system [33]. Furthermore, the 
surface of the nanoparticles can be also modified with biorecognition molecules in order 
to perform “active targeting” [34]. Last but not least, another important advantage of the 
use of these type of nanoparticle formulations is the possibility of performing co-
immobilization of other types of imaging agents, such as Magnetic Resonance Imaging 
(MRI) [35] and Positron Emission Tomography (PET) probes [36]. This allows to 
perform multimodal imaging that will provide complementary anatomical and 
physiological information 
As an example, cyclometalized iridium(III) complexes have attracted increasing interest 
as molecular probes in sensing, biological labelling, and bioimaging applications due to 
their long-lived excited states and high phosphorescent quantum yields. Quite recently, 
polymeric nanoparticles loaded with such iridium(III) complex have been successfully 
developed for luminescence bioimaging. Here the iridium(III) complex [Ir(pq)2]
+ acts as 
both, drug and as phosphorescent emitter in a nanopolymeric 2-phenylquinoline (pq) 
core, and a folic acid end-capped polyethylene glycol (PEG) as the shell to provide 
biocompatibility to enter the cell nucleus [37]. 
The use of polymers for encapsulation of phosphorescent dyes is particularly 
advantageous for bioimaging, since the size of the nanospheres can be tuned by 
controlling the polymer chain length, while inclusion of appropriate functional groups 
can be used to tailor the nanosphere surface to provide biocompatibility or to attach 
bioactive molecules [38]. 
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One of the most common methods to obtain polymer nanospheres is emulsion 
polymerization, where small droplets of monomer are dispersed in a continuous phase 
of water prior to polymerization. However, the droplets have to be stabilized by 
surfactants, which can affect negatively for certain bioanalytical applications [39]. Thus, 
surfactant-free methods as water-induced precipitation are also being used. These 
methods involve codissolution of a hydrophobic phosphorescent molecule and an 
amphiphilic polymer in a small amount of an organic solvent miscible with water. The 
addition of water under vigorous stirring generates a suspension of nanospheres with 
hydrophilic polymer groups at the surface and the phosphorescent molecules in the 
hydrophobic inner part of the spheres [40]. The precipitation method has been 
developed for encapsulation of phosphorescence-emitters such as ruthenium diphenyl 
phenanthroline [Ru(dpp)3Cl2] [39], Pt(II) and Pd(II) porphyrins [41] using polymer 
materials synthesized at the nanoscale, including acrylonitrile, acrylic acid, poly(vinyl 
chloride- co-ethyl acetate-co-maleic acid), poly(vinyl chloride-covinyl acetate-co-epoxy 
monomer) or poly(styrene-comaleic acid). Subsequent crosslinking of the polymer 
chains provides high quantum efficiencies and better photostability to equivalent non-
crosslinked nanospheres due to a better protection of the phosphors against oxygen and 
other emission quenchers [41]. Recently, the use of small-molecule crosslinking agents, 
such as bisphenol A diglycidyl ether (BPA) in conjunction with a single amphiphilic 
polymer, has been proposed as an alternative to the use of multiple polymers with 
crossreactive functional groups, achieving a better control over the size, morphology 
and surface chemistry of the nanospheres [38] as shown on Figure 4. 
Another common approach to encapsulate phosphorescent molecules is the use of 
phospholipid nanomicelles. In this sense, near-infrared phosphorescent Pt(II)-
tetraphenyltetranaphthoporphyrin (Pt(TPNP)) molecules immobilized in 100 nm 
phospholipid nanomicelles were found to be highly stable in aqueous media, keeping its 
luminescent properties after immobilization. Such nanomaterial demonstrated to be 
highly useful for in vivo high-contrast optical imaging, targeting, and detection of 
tumors in small animals [42]. 
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Figure 4: Preparation of polymeric nanomicelles by encapsulation of Pt(TPNP) within 
a PEG-modified phospholipid micelle. Reprinted with permission from R. Kumar et al., 
‘Near-Infrared Phosphorescent Polymeric Nanomicelles: Efficient Optical Probes for 
Tumor Imaging and Detection’, ACS Appl. Mater. Interfaces, 1 (7), p. 1474–1481. 
Copyright 2009 American Chemical Society. 
 
Silica nanoparticles were among the first ones to be used in bioimaging. Synthesis of 
such NPs is today well known, and materials produced have narrow size distribution 
and controlled pure sizes [43]. The low cytotoxicity of such NPs, and the capabilities to 
easily dope the NPs with different types of organic luminescent dyes explain the 
expansive literature existing on their use for sensing development. Phosphorescent silica 
nanoparticles have been also prepared through the immobilization of an Ir-tpy complex 
[Ir(tpy)(2)]X-3 (tpy = 2,2':6',2 ''-terpyridine; X = PF6 or NO3
-), following three different 
strategies including the Stober, water-in-oil and direct micelle synthetic approaches. It is 
worth to mention that the first two approaches gave rise to a silica matrix that prevents 
the diffusion of oxygen and blocks the mobility of the complex, providing enhanced 
photochemical stability and higher phosphorescence efficiency compared to the free Ir-
tpy complex. However, when following the direct micelle synthesis route the final 
structure presents a certain degree of mesoporosity, and the phosphorescent emission is 
not improved when compared to the free Ir-tpy complex [44]. 
Silica NPs and other NPs are often doped with phosphorescent dyes (e.g. lanthanides 
showing long-lived luminescent emission). Their use in biosensing and imaging has 
been recently reviewed by Chen et al. [45]. Lanthanide-doped SiNPs can be easily be 
obtained bu adding lanthanide ions to the precursor mixture during the polymerization 
of the SiNPs, or by grafting the SiNPs with lanthanide-complexes. Resulting NPs with 
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long luminescence decay times (a few ms) do not suffer form photobleaching and can 
be used for gated spectroscopy, facilitating efficient background suppression. 
 
2.3. Metal-enhanced phosphorescent nanoparticles 
These kinds of phosphorescent nanomaterials come in addition to more conventional 
(phosphorescent/dyed loaded) metal NPs. Such nanostructures are made of 
nanoparticles comprising a metallic core with a surface coating consisting on a 
polymeric or oxide material having phosphorescence emitters contacting the surface 
coating.  
Interactions of luminophores with metallic nanoparticles (that is the base of the so-
called metal-enhanced luminescence spectroscopy) has been used to obtain 
photoluminescence enhancements and increased photostability, reduced blinking in 
single molecule fluorescence spectroscopy, and increased transfer distances for 
fluorescence resonance energy transfer [46].   
The majority of the metal enhanced phosphorescence applications to date have been 
performed on 2-dimensional surfaces, where glass microscope slides or plastics are used 
as the primary substrates that feature the metal nanostructures deposited using either 
wet-chemistry, electrochemically or by lithography. An example of such process is that 
produced by silver island films (SiFs) coupled with Rose Bengal [47], a dye that has 
been found to produce excited triplet states, in which the phosphorescence was 
enhanced on a 5-fold. In such nanostructure, a metal-enhanced phosphorescence process 
occur. Such process is a surface plasmon coupled phenomena in which non-radiative 
energy transfer occurs from excited luminophores to the surface plasmon electrons in 
metal surfaces, which in turn produces a phosphorescent-like emission. The surface 
plasmon phenomenon persists when the X-axis component of the emissive light from 
the chromophore is equal to the wavevector of the surface plasmon [48].  
Based on this mechanism, a 2.5-fold metal-enhanced room temperature 
phosphorescence was registered when the phosphor diiodofluorescein was adsorbed on 
Ag nanoparticles-deposited on paper [49]. Similarly, platinum octaethylporphyrin 
(PtOEP) in conjunction with a nanogold metal substrate was employed to produce a 
significant surface plasmon coupled resonance [48]. In this study, there was no 
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noticeable spectral shifts for the phosphorescence emission, hinting that the emission is 
not due to changes in photophysical properties. Metallic nanoparticles that can be 
employed for plasmon-enhanced phosphorescence must be fabricated from any metal 
that enhances luminescence (e.g. noble metals such as silver, gold, platinum, aluminum, 
copper, zinc, palladium and composites thereof).  
An alternative mechanism producing enhanced phosphorescence is related to the 
generation of localized plasmon resonance using metallic nanoparticles that resonate 
with the O2(a
1Δg) → O2(X3Σg–) transition, and an oxygen sensitizer such as 
tetraphenylporphyrin (TTP) [50]. The metal nanostructure was extremely relevant for 
the efficiency of this phenomenon: nanosandwiches, gold nanorods or gold nanoshells 
do not generate an increase on the phosphorescence, whereas gold nanodiscs produce 
more than 3.5-fold increase in phosphorescence, and no increase of the fluorescence is 
observed, indicating that there is no metal-enhanced effect. 
 
2.4. Phosphorescent Upconversion Nanoparticles 
Upconversion Nanoparticles (UCNPs, also referred to as upconversion nanocrystals) 
typically consist of hexagonal NaYF4 nanocrystals, with nanoparticle sizes ranging 
from 10 to 100 nm, doped with trivalent lanthanide ions such as Er(III), Yb(III) or 
Tm(III). Here, the dopant is the emitter and additional doping with fluorophores is not 
needed. UCNPs are capable of converting low-energy radiation (Usually Near-Infrared) 
into higher energy wavelengths (usually UV-Vis) by combining two or more excitation 
photons into each emitted photon. Like quantum dots, UCNPs have several important 
advantages over traditional luminophores to be used as indicator dyes, including narrow 
bandwidths, excellent photostability and low photobleaching. Although NP size 
typically ranges from 10 to 100nm (and this affects the emission quantum yields), the 
control of the size and excitation/emission spectra of such NCs is still a challenge [51]. 
UCNPs are especially interesting in bioimaging due to the high penetration, low damage 
to biological tissue and low autofluorescence on NIR region. 
Most UCNPs synthesis protocols yield water insoluble NPs, that must be later surface-
modified to enable phase transfer to aqueous solutions. Such surface modification must 
be fine controlled to avoid a serious interference on the NPs optical properties. 
Remarkably, and unlike other luminescent NPs, quantum yield of UCNPs strongly 
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depends on the power density of the excitation source, and on the particle size (as small 
particle size, smaller quantum yield obtained) [52]. 
There are several different mechanisms that might produce upconversion, including 
atomic-like transitions in rare-earth ions, and photochemical upconversion. Perhaps the 
most common mechanism that can produce photochemical upconversion in which 
phosphorescent nanoparticles take part is based on the storage of energy in triplet states 
on a first chemical species (“sensitizer”), coupled to the “emitter” which collects the 
energy by Dexter energy transfer, combining the energy of two photons by triplet-triplet 
annihilation (TTA), as summarized in Figure 5. All these processes require close 
proximity between sensitizer and emitter. The sensitizer is usually a phosphorescent 
nanoparticle, and to ensure that sensitizer and emitter stay close, this type of system is 
usually immobilized on a solid support like silica or organogels. 
 
 
 
Figure 5: Jablonskii Diagram illustrating the mechanism of TTA upconversion. 
Reproduced from Ref. [53] with permission from The Royal Society of Chemistry. “E is 
energy. GS is the ground state (S0). 
3MLCT* is the metal-to-ligand-charge-transfer 
triplet excited state. TTET is triplet–triplet EnT. 3A* is the triplet excited state of the 
triplet acceptor. 1A* is the singlet excited state of the annihilator. The emission bands 
observed for the upconversion are the delayed fluorescence from the acceptor” 
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In general terms, upconverting nanoparticles typically produce fluorescence, and the 
study of nanoparticles that generate upconverted phosphorescence is scarce, usually 
restricted to their use as sensitizers [54,55], and sometimes the phosphorescent 
nanoparticle presents dual functionality, as it can also produce upconverted fluorescence 
[56]. It must be mentioned that, at present, one drawback of such UCNPs is the poor 
quantum yields measured, that often limits their applicability in real samples. 
 
2.5. Other phosphorescence nanomaterials 
Some other nanomaterials have been described for use as phosphorescent NPs, most 
with the potential of acting as probes for chemical sensing and imaging. These include, 
among others, carbon-based nanomaterials, organic semiconducting polymers or noble 
metal nanoparticles functionalized with complexing agents. These phosphorescent 
nanomaterials will not be discussed here in depth, as reflect only examples of recent 
developments from nanotechnology and almost no analytical applications of these 
nanomaterials have been proposed yet. However, considering their great potential for 
future imaging or sensing applications, a selection is given. 
Carbon-based nanomaterials offer the possibility to be used as phosphorescent emitters 
in photoluminescence applications. Particularly, fluorescent carbon-based nanoparticles, 
so-called carbon dots (CDs) have various attractive properties and have been used in 
many different analytical applications. However, much less attention was paid to their 
phosphorescent phenomenon. A kind of highly efficient CD-based phosphorescent 
material was synthesized by a subtle design method that incorporated N-doped CDs into 
composite matrices (the melting recrystallization urea and biuret from the heating urea) 
by a one-pot heating treatment for the mixture of urea and NCDs [57]. Authors 
proposed that C═N bonds generated on the surface of the NCDs can create new energy 
level structures explaining the origin of phosphorescence emission registered. Here, 
composite matrices play a critical role to suppress the vibrational dissipation of long-
lived triplets allowing the measurement of ultralong phosphorescent lifetime of seconds.  
Very recently, carbon dots exhibiting a ultralong RTP of few seconds were synthesized 
via microwave-assisted heating of ethanolamine and phosphoric acid aqueous solution 
[58]. The doping of the CDs with N and P elements was found to be critical to facilitate 
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intersystem crossing (n→π* transition) for effectively populating triplet excitons. Such 
carbon-based long-lifetime room-temperature phosphorescence nanomaterials, with a 
lower expected citotocixicty (they are metal free) as compared to other phosphorescent 
metal nanoparticle, have a bright potential for future bioanalytical applications. 
Very recently, Zhen et al. [59] reported the synthesis of water-soluble organic 
semiconducting nanoparticles (OSNs) with ultralong phosphorescence for in vivo 
phosphorescence imaging. The approach developed forces the creation of nanoparticle 
aggregates through a top-down design to significantly stabilize the triplet excited states 
of a phosphorescent molecule. This extends the particle phosphorescence to the 
timescale that can be easily detected in a commercial whole-animal imaging system 
after removal of external light source. The phosphorescence emission from OSNs was 
found to be insensitive to the presence of oxygen. This study present a universal design 
principle to extend the lifetime of phosphorescent molecules to the level that can be 
effective for molecular imaging. 
Functionalized gold nanoparticles were also proposed as phosphorescent nanomaterials 
[60]. Here, a hybrid nanoparticle was synthesized by capping monothiol derivatives of 
2,2’-dipyridyl onto the surface of Au nanoparticles. The chelating agent 2,2’-bipyridine 
was complexated with EuIII/TbIII ions yielded red-emitting and green-emitting 
phosphorescent nanomaterials. An attractive feature of such system is the capability to 
hold a large number of phosphorescent lanthanide complexes around Au nanoparticles 
thus amplifying the analytical signal while maintaining the long-lived emission 
properties. Considering that gold nanoparticles can be easily functionalized with 
appropriate functional groups able to selectively bind analytes or target molecules, such 
phosphorescent nanohybrid systems might have a great potential to be used in 
development of novel bioanalytical methodologies (e.g. chemical sensors or imaging 
tools). 
 
3. SENSING MECHANISMS AND APPLICATIONS  
A wide variety of assay formats for sensing and imaging (summarised in Figure 6) have 
been proposed employing the previously described phosphorescent nanoprobes. A 
critical overview of recent published literature is provided in this section 
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Figure 6: Assay formats of the different phosphorescent nanoprobes  reviewed. 
 
3.1. Direct Sensing of small molecules and ions 
Luminescence-based sensors occupy a superior place over other types of chemical 
sensors because, among several other features, they present a great sensitivity, low cost, 
and capability for remote and in-situ measurements, making them excellent choices for 
environmental and industrial monitoring. This section aims to summarize some 
examples of phosphorescence sensors based on nanoparticles for environmental 
applications, including the detection of metals, antibiotics, pesticides and other 
contaminants, as well as some industrial applications which are mainly focused to 
oxygen and temperature sensing. In all cases, analytical signal comes from the effect 
that the presence of the target analyte in the solution makes over the phosphorescent 
emission of the NP. Some selected applications with their corresponding analytical 
figures of merit are given in Table 1. 
Table 1. Compilation of direct sensing applications using phosphorescence nanoprobes 
Analyte/matrix Phosphorescent sensor Precision Working Range Detection 
limit 
Ref. 
Cations 
(Alkali/Alkanine/Transition 
metals) in water 
Eu3+-AuNPs a a Screening 
Purposes 
60 
Thiram in fruit peels ZnS:Mn2+ QDs a 50nM–2.5µM 25 nM 61 
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2-mercaptibenzothiazole 
in water 
MPA-capped Mn-doped 
ZnS QDs 
2.7% RSD 0.6-72 mM 45 nM 62 
oxygen dissolved in 
microdroplets 
dye embedded in 
poly(styrene-block-
vinylpyrrolidone) 
nanobeads 
a Low O2 to 
atmospheric 
pressure 
0.07 µM (Low 
O2) 
0.12 µM (1 
atm, 20ºC) 
 
63 
oxygen in cellular media hydrogel nanoparticles a 0-20% O2 Imaging 
Purposes 
64 
sulfide anion in discharged 
water 
TGA-coated Mn-doped ZnS 
QDs 
<6% RSD 2.5 - 38 µM 0.15 µM 65 
2,4,6-Trinitrotoluene in 
water 
L-cysteine Mn-doped ZnS 2.3% RSD 0.0025-0.45 μM 0.8 nM 66 
2,4,6-Trinitrotoluene in 
aqueous solutions 
L-cysteine Co-doped ZnS 
QDs 
a 0.025-0.5 M 25 nM 67 
2,4,6-Trinitrotoluene in 
aqueous solution 
APTES-functionalized Mn-
doped ZnS QDs 
3.5% RSD 0.05–1.8 μM 50 nM 68 
Pentachlorophenol in 
water 
Mn-doped QDs with a 
molecularly imprinted 
polymer (MIP) 
2.8% RSD 0.2-3.9 µM 86nM 69 
a: Data not available 
 
Quenching of the phosphorescent emission of ligand-capped gold nanoparticles 
containing Eu3+ by addition of alkaline earth metal ions (Ca2+ and Mg2+) and transition 
metal ions (Cu2+, Zn2+, Ni2+) makes such nanoparticles useful as probes for screening of 
such ions in aqueous media. Such quenching effect was the consequence of an 
isomorphous substitution of EuIII ions by the metals. Other ions such as Na+ or K+ did 
not influence the RTP emission [60]. 
Thiram has been detected in fruits by using ZnS:Mn2+ QDs, whose phosphorescence 
was quenched by Ag+ ions. The formation of a complex between thiram and silver ions 
gives rise to an increase of the phosphorescence signal which can be related to the 
concentration of thiram [61]. 
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Figure 7. (A) On-site detection of thiram at fruit peels. (B) Digital photos apple peels 
spiked with different amounts of thiram under 312 nm UV light illumination. Reprinted 
from Sensors and Actuators B: Chemical 252, C. Zhang et al., ‘Selective 
phosphorescence sensing of pesticide based on the inhibition of silver(I) quenched 
ZnS:Mn2+quantum dots’, p. 1083–1088. Copyright 2017, with permission from Elsevier. 
 
Oxygen quenching of phosphorescence has been widely studied, and a wide assortment 
of sensors for different analytes like pH, CO2, orthophosphate, chloride, 1-butylamine, 
antibacterial oxolinic acid and antibiotic flumequine have been developed based on 
measurement of changes in O2 levels detected by resorting to phosphorimetric oxygen 
sensing [7]. In this context, phosphorimetric nanoparticles have been evaluated for 
monitoring the level of oxygen dissolved in microdroplets [63]. The oxygen sensor 
nanoparticles consist of a phosphorescent indicator dye embedded in poly(styrene-
block-vinylpyrrolidone) nanobeads. The phosphorescent nanoparticles, excitable by red 
light, present an emission in the near-infrared spectra region which minimizes 
background fluorescence from biological matter. Such nanoparticles probes were read 
out by a miniaturized phosphorimeter, able to measure phosphorescence lifetimes, 
overcoming the drawbacks of intensity-based measurements. Monitoring cell and tissue 
oxygenation is of key relevance in clinical and biological studies. Recently, a 
phosphorescent nanosensor material able to penetrate cellular media has been developed 
by entrapment of a highly photostable phosphorescent reporter dye along with a 
fluorophore acting as Förster resonance energy transfer (FRET) donor and twophoton 
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antennae in hydrogel nanoparticles [64]. Such nanoprobe allowed a high resolution 
monitoring of dissolved oxygen in cellular media based on ratiometric intensity and 
phosphorescence lifetime based sensing. The developed nanoprobe combines along 
with a high versatility and excellent analytical performance for oxygen detection a high 
photo and chemical stability, low toxicity, and ease of fabrication and use. 
2,4,6-Trinitrotoluene (TNT), a compound of major concern due to its biological 
persistence, toxicity and mutagenicity, has also been detected using different RTP 
methods. One of those methods is based on the formation of complexes through the L-
cysteine ligands anchored at the surface of Mn-doped ZnS, that provides excellent 
selectivity in environmental and biological samples even in the presence of the main 
relevant metal ions (Na+, K+, Mg2+, Ca2+, among others) and other organic compounds 
[66]. Another study based on the same mechanism uses L-cysteine capped Co-doped 
ZnS QDs, and reports excellent sensitivity for TNT in solution without interference 
from a matrix of real water sample and other nitroaromatic compounds [67]. Finally, 
other approach developed for the detection of TNT in water samples makes use of 
APTES-functionalized Mn-doped ZnS QDs. In this case, the analyte binds to the 
APTES molecules through acid–base pairing interaction between electron-rich amino 
ligands and electron-deficient aromatic rings [68].  
Sensing of reactive species by measuring changes in the phosphorescence emission 
(intensity or lifetime) after interaction of the analyte with the nanoparticle has attracted 
a great research interest. Simplicity of this sensing-scheme and the typically high 
sensitivity of the systems developed are two analytical features common to the different 
developed methodologies. Probably the main drawback observed is the reduced 
selectivity, because any concomitant species present in the sample able to interact with 
the nanoparticle surface could affect the phosphorescent signal as well. Surface 
modification of the phosphorescent NPs with ligands or biomolecules able to interact 
specifically with the analyte would improve the selectivity of such systems. In this 
sense, a strategy was proposed based on modifying the surface of Mn-doped 
phosphorescent QDs with a molecularly imprinted polymer (MIP) able to recognize 
with high selectivity and sensitivity traces of pentachlorophenol dissolved in water 
[69]..The analytical signal consisted of the measurement of the RTP quenching 
occurring after analyte recognition by the MIP layer. 
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In brief, a variety of simple methods have been reported so far for determination of 
small reactive species (e.g. ions or small molecules) based on the measurement of 
changes on the photoluminescence emission from the nanoparticles resulting after a 
direct interaction of such species with the surface of the nanoparticle or with appropriate 
ligands modifying the surface of the nanoprobe. Unfortunately, such approaches are 
restricted to a few number of chemical species able to directly interact with the 
nanostructure typically resulting in poor selectivity as some other different chemical 
compounds, different to the target analyte, can produce a change of the optical behavior 
of the nanoparticles as well. This explains that recent progress on the topic has been 
mostly focused on the use of the phosphorescent nanoparticles as labels of antibodies or 
other recognition elements in order to provide the desired selectivity. This approach 
allows analysts to extend the use of phosphorescent nanoparticles for the indirect 
detection/quantification of a wide variety of different targets. This will be revised in the 
following sections  
 
3.2. Biomaging applications 
Imaging methodologies for clinical and biological applications are based on many 
diverse techniques including near infrared and Raman spectroscopy, nuclear magnetic 
resonance, radioimaging, positron emission tomography, electrochemical imaging, 
elemental mass spectrometry coupled to laser ablation, luminescence, etc.  
Luminescent imaging techniques are becoming increasingly important in clinical 
diagnostics. Particularly, the high sensitivity and suitability for image-guided surgery 
can complement conventional imaging methods. These advantages are based on the use 
of new sensitive and optically and biologically stable probes. In addition, an ideal 
photoluminescent probe for bioimaging should fulfill more requirements including: (i) 
high quantum yield, (ii) an appropriate excitation wavelength to avoid phototoxicity, 
and (iii) emission in the “tissue/biological transparency window”. In this sense, near-
infrared (NIR) excitation/emission wavelengths allow deeper tissue penetration and 
minimized photodamage [70-72]. Although imaging in the NIR range reduces 
autofluorescence and light scattering effects, in vivo fluorescence imaging still presents 
several limitations due to tissue autofluorescence that produces a poor signal-to-noise 
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ratio. In this sense, time-gated imaging using nanophosphors is an emerging technique 
to avoid or minimize the undesirable biological and tissue autofluorescence.  
The use of phosphorescent nanoparticles as contrast agent for in vivo bioimaging is 
therefore a strategy with an exciting furuer in the topic. An important issue concerning 
in vivo and in vitro applications is the toxicity and biodistribution of the nanoparticles. 
In fact, size, surface coating and composition of NPs are closely related with their 
transport and effects in living organisms [73,74] .  
This section aims to summarize those nanoparticle-based phosphorescent bioimaging 
applications reported so far according to the type of nanomaterial employed, such as 
encapsulated phosphorescent complexes, upconverting nanoparticles, and persistent 
luminescent nanoparticles. 
 
3.2.1. Polymer and silicate encapsulated phosphorescent complex.  
As aforementioned in the Types of phosphorescent nanostructures section, an efficient 
strategy to obtain nanophosphors is by encapsulating or trapping a phosphorescent 
complex (e.g. Ir, Eu, Ru) in a polymer or silica matrix. 
An example of this strategy are phosphorescent Pt(II) porphyrins introduced in polymer 
dots that have been used as O2 sensing photoluminescent probes. The nanoplatform for 
O2 sensing is based on conjugated polymers acting as antenna for energy transfer to the 
platinum porphyrin that is sensitive to O2 concentration, and emits around 650 nm 
[75,76]. This strategy has allowed to carry out ratiometric measurements as well as 
phosphorescence lifetime imaging (PLIM) and time-gated luminescence imaging for 
intracellular monitorization of O2 levels. In these studies, it was demonstrated that 
polymer nanophosphors did not produce noticeable cell toxicity effects. Nevertheless, 
direct in vivo application might be limited for the excitation wavelength at 405 nm. 
Hence, in order to overcome this limitation, the two-photon cross section can be 
increased due to the polyfluorene polymer and the antenna effect, and therefore, two 
photon excitation using a near-infrared wavelength was possible []. A similar strategy 
based on the antenna effect from the polymer to a red emmiting long life-time complex 
was followed to produce Eu-poly(9-vinylcarbazole) polymer dots [77]. In this case, the 
polymer dots were functionalized with an antibody to target the cell surface receptor 
EpCAM, allowing to perform time-gated imaging of cells.  
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Luminescent Ru(II) and Eu(III) complexes have been also convalently encapsulated in 
silica NPs for time-gated luminiscence imaging [78,79]. The visible light-excited NPs 
were modifiyed with a secondary antimouse-IgG antibody to detect specific antibodyes 
for environmental pathogen detection using time-gated imaging. Another example of 
lanthanide encapsulated silica NPs has been reported to perform ratiometric 
hypochlorous acid (HClO) detection [80]. For this purpose, a dual-emission nanoprobe 
has been obtained by surface modification of silica NPs with an hypochlorous sensitive 
Eu-complex and an inert Tb-complex encapsulated in the NPs core. Combination of 
simultaneos ratiometric and time-gated detection has allowed to perform imaging of 
exogenous and endogenous HClO in cancerous cells. Moreover, NPs uptake by 
zebrafish as in vivo model can be monitorized using this detection mode with hight 
specificity and contrast.  
 
3.2.2. Phosphorescent Upconverting nanoparticles (UCNPs).  
The above mentioned photoluminescent probes provided high sensitivity and specificity 
for in vitro and small animal imaging models and present most of the spectroscopic 
requirements. However, UV or Vis light-excitation is not suitable for deeper penetration 
and could damage cells or tissue, limiting in vivo studies. In this sense, UCNPs are very 
attractive due to the possible NIR excitation and also Vis or NIR emission, which 
already has been applied for in vivo imaging [81]. Unfortunately, excitation of UCNPs 
usually requires high-power lasers due to their low quantum yield obtained when they 
are used in small animals, leading to a significant scattering background that limits the 
sensitivity as well as detrimental thermal effects. UCNPs present long and tunable 
luminescence lifetime, however their application has not been so exploited for time-
gating applications, and only very few reports are available in the literature.  
In this sense, Jin et al. have recently developed a time-gated imaging system (shown on 
Figure 8) using a pulsed 980 nm fibre coupled diode laser to be used in mice injected 
with water-soluble Yb3+/Tm3+ co-doped NaLuF4 UCNPs emitting at 800 nm [82]. They 
achieved an enhancement of 31 times in signal-to-noise ratio comparing the time-gating 
mode versus the steady state mode. Moreover, the exposure duration to the excitation 
light was reduced to 35%, which minimizes thermal effects.  
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Figure 8. Schematics of the in vivo NIR imaging system developed by Jin et al. 
Reprinted with permission from D. Jin et al., ‘High-Contrast Visualization of 
Upconversion Luminescence in Mice Using Time-Gating Approach’, Anal. Chem. 88, p. 
3449–3454. Copyright 2016 American Chemical Society. 
 
3.2.3. Persistent luminescent nanoparticles.  
Persistent luminescent nanoparticles (PLNPs) are especially attractive for in vivo 
imaging applications because can be optically excited before administration, avoiding 
any potential photodamage. The long lasting-afterglow allows nanoparticle detection 
during several hours without in situ excitation, and consequently, background from the 
excitation source or tissues can be completely avoided improving the contrast and the 
signal-to-noise ratio. Moreover, it is possible to synthetize NIR emitting PLNPs that are 
especially suitable for in vivo deep-tissue imaging [10,83]. These spectroscopic features 
allow to perform studies of real-time biodistribution of nanoparticles even hours after 
their administration [84], which is very important, besides their use as photoluminescent 
probes, in order to study their toxicity effect on living organisms.   
Chen and Zhang were pioneers using PLNPs as in vivo contrast agents for 
photodynamic therapy [85]. Later Scherman and co-workers reported PLNPs 
application for in vivo imaging, using NIR emitting Ca0.2Zn0.9Mg0.9Si2O6: 
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Eu2+,Dy3+,Mn2+ PLNPs as passive tumour targeting agent in a mouse model [].  Despite 
all the impressive spectroscopic features of PLNPs for in vivo imaging, they observed 
important limitations since the PLNPs suffered high liver and spleen reticuloendothelial 
system (RES) uptake. Hence, in order to overcome this limitation, the NPs surface 
coating was optimized in terms of PEG length and surface charge, trying to extend the 
NPs blood circulation necessary to perform passive tumour targeting, as well as to 
minimize RES uptake [86]. Results showed that a better biodistribution was achieved 
with non-charged NPs (metoxi-PEG particles) and smaller particle size. However, 
PLNPs emission intensity is size dependent, and such smaller NPs that are more 
convenient for tumour targeting, are not detectable in deep tissues and ex vivo imaging 
is required to study biodistribution.  
New PLNPs using different host and luminescent dopants has been proposed to extend 
the afterglow emission since many bioanalytical applications, especially passive tumour 
targeting, require longer monitoring time than that reached with the first generation of 
PLNPs (1-3 h in vivo). In these sense, zinc gallate (ZGO) and gallogermanate (ZGGO) 
hosts have demonstrated to overcome the limitations previously mentioned due to the 
possibility to re-excite PLNPs in vivo using orange/red light-emitting diodes (LEDs), 
allowing NPs detection for several days in small animals [89,90].  This new generation 
of PLNPs has been further functionalized with different biomolecules to be successfully 
used in active targeting [87,88,89]. Moreover, multimodal contrast agents have been 
developed combining PLNPs with a metal complex or other kind of NPs to obtain 
multimodal probes that present persistent luminescence and simultaneously, magnetic 
resonance [90,91] or X-ray computed tomography features [92].  
The current challenge in the development of PLNPs for imaging applications is to 
control the synthesis process to obtain monodispersed PLNPs with smaller sizes to 
minimize RES uptake and to improve biocompatibility, to increase the quantum yield 
and to enlarge the afterglow [93,94]. In this sense, triple-doped ZGGO NIR emitting 
NPs with high quantum yield (9.86%), superlong afterglow time (>20 days) and 44 nm 
size have been synthesized and successfully applied to tumour targeting bioimaging 
after oral administration [95].  
 
3.3. Biosensing applications using phosphorescent nanoprobes as labels 
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It is well known that time-gated phosphorescence is a powerful method to perform 
highly sensitive detection of trace analytes. By using a pulsed excitation source and 
measuring the phosphorescence emission after a “delay time”, it is possible to eliminate 
any contribution that comes from the excitation source or from the fluorescent 
background. Therefore, phosphorescence-based methodologies are an excellent option 
to develop analytical strategies in biological media where scattering macromolecules 
and luminescent species abound [38].  
 
3.3.1. Mn-doped QDs quenching or enhancement-based biosensing  
Due to the long-lived phosphorescence of Mn-doped QDs on the order of the ms 
attributed to the 4T1 to 
6A1 transition, they have been explored as phosphorescent probes 
in biological matrices since their scattering and fluorescence background can be 
eliminated. Most of these applications are based on a quenching or enhancement of the 
phosphorescence. In this sense, the first biosensing application was performed for the 
detection of Enoxacin in urine, without the need of oxygen scavengers or other RTP 
inducers. Quenching of the emission of L-cysteine Mn-doped ZnS QDs allowed the 
detection of the aforementioned antibiotic with a limit of detection of 58.6 nM, and 
good selectivity was achieved in presence of the main relevant metal ions in biological 
fluids, biomolecules including aminoacids, glucose, and other types of antibiotics [96]. 
Detection of glucose was also performed based on quenching of the phosphorescence. 
In this case, the enzyme glucose oxidase was used as capping agent of Mn-doped ZnS 
QDs, and the quenching of the phosphorescence was performed by the generation of 
H2O2 produced upon oxidation of glucose catalysed by the enzyme. A detection limit 
for glucose detection in human serum of 3 μM was achieved, without the need for any 
complicated sample pretreatment [97]. Quenching of the phosphorescence of Mn doped 
ZnS QDs with different surface coatings has been also exploited for the detection of 
different types of analytes including acetone in water and urine [98,99], racenisodamine 
hydrochloride and atropine sulphate in human serum and urine [100] (all of them 
containing a L-cysteine capping), arginine in urine (using ATP as capping agent) [101], 
or DNA in urine (using octa(3-aminopropyl)octasilsequioxane octahydrochloride as 
capping ligand) [102]. 
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Although most of the biosensing applications of Mn-doped QDs are based on quenching 
of the luminescence, there are also reported some methodologies based on 
phosphorescence enhancement. In this sense, sodium tripolyphosphate-capped Mn-
doped ZnS QDs have been used for the turn-on RTP detection of ascorbic acid in 
human urine and plasma avoiding sample pretreatment and in presence of the main 
metal and molecules present in biological fluids (LOD 9 nM). Ascorbic acid is capable 
to chelate the Mn and Zn from the surface of the QDs, generating more holes which are 
subsequently trapped by Mn2+ while ascorbic acid reduces Mn3+ to Mn2+ in the excited 
state, giving rise to an enhancement of the excitation and emission of the QDs.  
QDs exhibit exceptional optoelectronic properties, making them ideal species to be used 
as donor moieties in Förster resonance energy transfer systems (FRET). Phosphorescent 
Mn-doped ZnS QDs surface labelled with Thrombin-binding aptamers were used as 
donors in the development of a FRET sensor for Thrombin quantification in biological 
fluids [103]. In this system carbon nanodots were used as acceptor energy species. After 
the recognition of the Thrombin by the aptamer-QD-CD system, the phosphorescence 
originally quenched due to the π-π stacking interaction between the aptamer and the 
CDs, is “turned on” due to a formation of quadruplex-thrombin complexes releasing the 
energy acceptor CDs from the energy donors. The aptamer-based “turn-on” 
phosphorescent nanosensor displays a detection limit as low as 0.013 nM in pure 
buffers with high selectivity. 
 
3.3.2. Lateral Flow Tests  
Lateral Flow Tests (LFTs) have gained an increasing interest for point-of-care (POC) 
applications due to its simplicity, low cost and user friendliness. They have been 
developed for the detection of an enormous amount of analytes including small 
molecules, macromolecules or microorganisms, and have already reached the market for 
detection of pregnancy, infections, cardiovascular disorders, or certain drugs-of-abuse. 
Most of these products are based on changes on the colour and suffer problems of 
sensitivity. Therefore, a great effort is being pursued in order to use new types of 
detection techniques. Among them, the use of phosphorescent nanoparticles as labels is 
starting to be explored, since fluorescence LFTs present also some disadvantages as the 
high background of the membrane or the sample matrix (e.g., blood or serum), and the 
small Stokes shifts of traditional fluorophores, which typically range from 10 to 30 nm. 
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Although little success has been achieved mainly due to oxygen quenching, Pt-based 
and Pd-based halogen-containing polymeric nanoparticles, with emission wavelengths 
at 650-750 nm and lifetimes of 100 µs and 500 µs respectively [104], have been 
evaluated as phosphorescent labels for the detection of C-reactive protein (CRP), an 
inflammatory biomarker, in serum. The use of these phosphorescent nanoparticles with 
low photobleaching effect, conjugated to an appropriate antibody, have allowed the 
development of a disposable test strip that uses a cheap LED as excitation source, and 
the fluorescent background of biological matrices and nitrocellulose membranes is 
dramatically reduced, achieving a detection limit for CRP of 0.2 ng mL−1 [105]. 
Persistent luminescence nanoparticles (PLNPs) that emit intense visible light for several 
minutes after excitation have been also evaluated as labels in lateral flow assays (LFA). 
For this purpose, strontium aluminate PLNPs, encapsulated in silica nanoparticles to 
provide stability in water and with a final diameter of 250 nm, were functionalized with 
NeutrAvidin and used as reporters in LFAs with biotinylated hen egg lysozyme (bHEL) 
as a model analyte, achieving a sensitivity in the low low-picomolar level (7 pM) [106]. 
 
3.3.3. Phosphorescent immunoassays  
Highly sensitive immunoassays can be developed by using phosphorescent labels that 
present decay times much longer than those of the background. Traditionally, 
phosphorescent immunoassays were based on the use of lanthanide ion chelates which 
show long lifetimes. However, this strategy has certain limitations due to problems of 
contamination and unspecific adsorptions of lanthanide ions in the different steps of the 
immunoassay [107,108]. In order to overcome these limitations, phosphorescent 
nanocrystals are an appealing alternative, and they have been already evaluated for 
different applications. In this sense, a phosphorescent sandwich immunoassay was 
developed using phosphorescent nanoparticles as labels, and prepared through the 
encapsulation of phosphorescent dyes inside beads synthesized by glutaraldehyde 
polymerization. The phosphorescent beads were then covalently linked to an antibody, 
and the sandwich immunoassay was performed with high sensitivity and specificity for 
human IgG as model analyte [109]. 
Despite PLNPs are mainly exploited in bioimaging applications as consequence of their 
long-lasting afterglow nature, PLNPs can be also employed in biosensing applications. 
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Hence, a FRET-based strategy was employed for the detection of PSA in human serum. 
For this purpose, a PSA antibody (PS6) was bioconjugated to PLNPs (PS6-PLNPs), and 
another PSA antibody (8A6) was labelled with Rhodamine B (8A6-RhB). PS6-PLNPs. 
After excitation at 360 nm of PS6-PLNPs, acting as energy donor, its long-lasting 
emission was transferred to 8A6-RhB, acting as acceptor. Therefore, an increase of the 
concentration of PSA in the sample gives rise to an increase of the ratio of the 
luminescence intensity of RhB (at 585 nm) to the luminescence intensity of PLNP (at 
524 nm), allowing to perform an excitation-free type analysis (see Figure 9) [110]. 
 
 
 
Figure 9 Schematic illustration of the PLNP based FRET immunoassay for PSA 
detection. Reproduced from Ref. [110] with permission from The Royal Society of 
Chemistry. 
Water stabilized PLNPs (Eu2+- and Dy3+-doped Ca1.86Mg0.14ZnSi2O7 
nanoparticles) were also used as energy donors in another type of inhibition 
immunoassay. In this work, the presence of analyte produced a shortage of the distance 
between the donor (PLNPs), and an antibody labelled with gold nanoparticles (AuNPs) 
acting as acceptor. Therefore, due to the spectral overlap between the emission of the 
donor and the absorption of the acceptor, an inhibition of the luminescence takes place. 
This strategy was evaluated for the detection of α-fetoprotein (AFP), a serum biomarker 
for early diagnosis of hepatocellular carcinoma, and has allowed to perform the 
detection without external light source (after a pre-excitation stage), thus removing the 
autofluorescence and scattering light from the biological matrix found when in situ 
excitation is performed [27]. 
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Other approaches also employed to entirely remove the interferent signal from cell or 
tissue autofluorescence and scattered light are based on the long-lived emission of 
lanthanide ions. In this sense, water-stabilized NaYF4:Ce/Tb NPs and ZrO2–Ln3+ NPs 
were evaluated as probes to perform the detection of trace levels of avidin in a typical 
avidin–biotin model system with detection limit of 5 nM and 3 nM respectively 
[111112]; and CaF2:Ln3+ NPs were used to detect a tumor biomarker (suPAR) at 
clinically relevant levels with a low detection limit of 328 pM [113].  
It is clear from the written so far that FRET-based strategies are behind most common 
phosphorescent immunoassays that make use of nanoparticles. However, a sandwich-
type phosphorescent immunoassay for PSA was recently developed. In this case, the 
secondary antibody was labelled with phosphorescent DHLA-coated Mn-doped QDs 
(see Figure 8). Bidentated DHLA ligands provided QDs with excellent stability giving 
rise to an intense phosphorescent emission. Extremely low detection limit (17 pg PSA 
mL-1) could be then achieved. Notably, since the developed approach avoids 
bioconjugation of the QDs to the specific corresponding primary antibodies, it becomes 
almost generic as it could be applied for the detection of any other target protein just by 
changing the corresponding non-labelled specific capture and recognition antibodies 
[114]. This is in fact a great practical advantage because the most critical and 
cumbersome step in the development of NP-based immunoassays is the control and 
optimization of the NP-antibody bioconjugation reaction 
 
 
 
Figure 10. Schematic diagram of the antibody array strategy for the phosphorescence 
detection of PSA [114]. Reprinted from Analytica Chimica Acta 987, M. García-Cortés 
microtiter plate well
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et al., ‘Sensitive prostate specific antigen quantification using dihydrolipoic acid 
surface-functionalized phosphorescent quantum dots’, p. 118-126. Copyright 2017, with 
permission from Elsevier. 
 
 
4. Concluding Remarks and Perspectives 
A wide number of phosphorescence-emitter nanoparticles have been recently reported. 
Such recent marriage between nanotechnology and phosphorescence detection is an 
exciting achievement both in sensing and bioimaging applications, even considering 
that it is still in its infancy and further research is needed to fully realize its potential in 
bioanalytical chemistry. Besides the documented exceptional properties of 
nanomaterials, the phosphorescent analytical signal allows to overcome many of the 
drawbacks reported for luminescence-based techniques. In this context, a complex 
challenge in biosensing of species of clinical interest is to achieve the required limits of 
sensitivity while maintaining selectivity. Photoluminescence time-gated detection 
played a key role in determining the sensitivity and selectivity of the sensing platforms 
because photoluminescence emission background coming from the biological media is 
greatly reduced. Additionally, hybridation of multiple small NPs emitting 
phosphorescence (e.g. metal doped-QDs) with a single biological recognition element 
brings with an amplified analytical signal, thus reducing the detection limits of the 
methodologies.However, to fully exploit the capabilities of phosphorescent 
nanomaterials for sensing and imaging purposes, it is necessary to develop novel robust 
approaches allowing to rapidly and accurately measuring the luminescence lifetimes 
from the relatively slow-decaying signals. Additionally, novel and improved 
phosphorescence lifetime imaging microscopy systems are required in order to monitor 
the phosphorescent signals from the nanoparticles allowing the acquisition of 
biologically relevant chemical information through lifetime measurements, Förster 
resonance energy transfer and phosphorescence quenching detection. Current 
developments of such new time-gating sensing and imaging systems for spectral and 
lifetime multiplexing will undoubtly contribute to extend the application field of the 
novel phosphorescent nanoparticles [115,116,117]. 
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Another exciting research area in chemical sensing is the development of novel 
phosphorescent nanomaterials allowing optical multiplexing a property highly desirable 
in the development of extremely sensitive biosensing systems with multiplexing 
capabilities. Research on this area include the design of novel nanocomposites with 
wide-range, well-separated, and tuneable lifetime ultrabright phosphorescence or 
nanoassemblies obtained using the combination of long-lifetime dyes and 
semiconductor quantum dots for development of sensor systems based on time-gated 
Förster resonance energy transfer detection [118,119]. 
A big challenge in optical sensors development is related to the absolute intensity-
dependent signal readout, resulting in erroneous sensing and imaging results due to 
different analyte-independent factors producing undesirable changes in the absolute 
optical signal intensity [120]. To minimize such effects, ratiometric measurements 
provide built-in self-calibration for signal correction. Advances in nanomaterial science 
make feasible the synthesis of optical nanoprobes with multiple functionalities (e.g. 
analyte-dependent phosphorescence emission along with analyte insensitive 
fluorescence or absorbance) [121] allowing the development of ratiometric strategies 
that can overcome many of the limitations met by traditional optical nanoprobes . 
Last, but not least, a huge amount of research work is being done to produce 
nanostructures for multimodal imaging, combining the advantages of phosphorescence 
emission with an improved imaging resolution thanks to the simultaneous detection by 
complementary imaging techniques. These multimodal imaging agents can be later 
detected using phosphorescence along with a selection from radioisotope, magnetic 
resonance and optical imaging, among others. Nanoparticles offer great scope in this 
area as they lend themselves, via facile modification procedures, to act as 
multifunctional constructs. 
To conclude, we believe that analytical applications of phosphorescent nanoparticles 
will continue to rise and novel and improved sensing and imaging schemes using such 
nanoparticles will appear in the next future in parallel with developments from 
nanoscience and nanotechnology. 
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